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Comparison of Passenger-Comfort
Models in Buses, Trains, and
Airplanes
I. D. Jacobson and R. W. Barber, Department of Engineering Science and

Systems, University of Virginia
R. D. Pepler and L. L. Vallerie, Dunlap and Associates, Inc., Darien,

Connecticut
Recent controlled experiments concerning passenger ride comfort in intracity buses and intercity trains are reported and compared with past
airplane ride-comfort studies. The primary method of analysis is linear
regression of environmental and motion factors versus passengers' per·
ceived ride comfort. The regression coefficients so obtained are com·
pared among the three transportation modes for similarities. Transverse
acceleration, vertical acceleration, and noise appear to be the dominant
determinants of ride comfort in airplanes, roll is the major determinant
of ride comfort in buses, and noise and roll are dominant in trains. De·
spite the differences in the dominant variables, the estimated regression
coefficients for the different motions and noise are similar across all
three modes. This suggests the possibility of a single general model in·
corporating all motions and environmental factors.

The modeling of passenger ride quality in transportation
systems has received much attention in the past several
years. Most of the work can be separated into three
general areas. The first of these is laboratory studies
that deal mainly with reactions to motion stimuli; the
second is field studies that use captive subjects to determine reactions to the general environment (not exclusively motion); and the last is field studies that use farepaying passengers. These studies have been reviewed
elsewhere (1, 2 , 3, 4).
Basicall"Y-; past ride-quality studies have determined
the relations between subjective comfort response and
motion or multiple stimuli (e.g., motion, noise, and
temperature). These models take the form of either
equi-sensation-type contours (5) or regression models
(6, 7, 8), in which comfort is the dependent variable and
the various environmental parameters (such as vertical
acceleration, transverse acceleration, roll rate, temperature, and pressure) are the independent variables.
This paper compares ride-quality models developed
at the University of Virginia with field studies of both
captive and fare-paying passengers on buses, trains,
and airplanes. The results for the airplane models are
well documented (7, 8, 9, 10, 11, 12) and will not be repeated. Generalli; 1iowever,those studies were conducted in a manner similar to the bus and train studies
described here.
DESCRIPTION OF BUS AND TRAIN
EXPERIMENTS
A pair of experiments were performed to develop data
on the effects of the environment of a vehicle on passenger comfort in intracity buses and intercity trains.
These experiments were designed to simultaneously collect information on the vehicle's environment and the
passenger's comfort ratings in that environment. The
data on the vehicle's motion were collected by using the
University of Virginia's portable environmental measurement system. This equipment consists of a portable
measurement box and a standard tape recorder. It is
capable of measuring and recording three linear accelerations, three angular rates, temperature, pressure, and

noise. Analog measurements are FM-multiplexed on
the tape recorder for later retrieval and reduction by
analog and digital computers. For the present study,
the data so collected were analyzed by using root-meansquare (RMS) values, where deviations are measured
against the mean value of the data. This gave a set of
RMS values (mean biased out), with the linear accelerations in gs and the angular velocities in degrees per
second. The test period was subdivided into approximately 1-min segments, each with a somewhat different
environmental stimuli. The subjects were asked to rate
the comfort of the ride in each of i:he segments on a
scale of 1 to 7, with the following scale characterization:
Comfort Level

Scale

Very comfortable
Comfortable
Somewhat comfortable
Neutral
Somewhat uncomfortable
Un comfortable
Very uncomfortable

1
2
3
4
5
6
7

The subjects were not coached as to the motion levels
that define these comfort levels ; all responses were subjective, with the subject himself or herself defining what
was comfortable or uncomfortable.
The bus experiment was designed so that the subjects
would ride on two different buses, one with a good suspension and one -;1ith a poor suspension. A route in the
Hartford, Connecticut, area was selected for the experiment such that many different levels of motion would
be experienced by the subjects.
The train experiment used four different passenger
coaches on the New York to Boston line in the Stamford
to New London area. Because it was impossible to control the route in this case, data were gathered ?.t periodic intervals (every 6 min). Again, different coaches
were used with different suspension characteristics.
The table below shows the experimental design for both
the bus and train experiments.
Vehicle Suspension

Subject
Group

Trial 1

Trial 2

A
B

Poor
Good

Good
Poor

In these experiments, the subject groups were matched
for age (young, middle, or older), sex, and frequency
of vehicle us.e (seldom or frequent), and each trial, in
which the data were collected over fifteen to twenty 1min trip segments, was conducted over the same preselected test route.

1

2
Table 1. Statistical comparison of bus, train, and
airplane motion.

Information

Ilus

Subjective response
Mean
SD

3. 4
1.1
2.2 lu

nan~e

Commercial
Airplane

Train

:':.~

2. 9

L7tv4.n

3,2
0.9
2 to G

I. I In 4,6

1.4
0.3
0 .9 to 2.6

1.0
0. 7
0.11 to 3.6

2.1
0.5
1.2 to 3.4

0.51
0.10
0. 76 to 1.1

0.3
0.25
0.05 to 2.2

2.1
0.6
I.I lo 3.5

1.3
0.3

0.6 to 2. 7

0.26
0.37
0.009 to 3.6

0.044
0.015
0 ,017 to 0. 073

0. 012
0. 004
0. 007 to 0.022

0.014
0.012
0.001 to 0.076

0.075
0 ,028
0.031 to 0. 134

0.029
0.010
0. 009 to 0.064

0.014
0.012
0,001 to 0.080

0.082
0.027
0.036 to 0.152

0.030
0.007
0.018 to 0.049

0.044
0.031
0.008 to 0.19

75 , 8
2.6
70 to 83

70.4
4.4
62 to 82

87
2. 7
81 to 94

22.2
1.8
18.3 to 23.9

23.3
3 .6
20.0 to 27. 8

20.0
6.0
12.2 to 30.56

o.7

Roll rate, 0 /s

2.4
0.8

Mean
SD
Range

Pitch rate, 0 /s
Mean
SD
Range

Yaw rate, 0/s
Mean
SD
Ranµ;e

Longitudinal acceleration,

g

Mean
SD
Range

Transverse acceleration,

g

Mean

SD
Range

Vertical acceleration,

g

Mean

SD
Range
Noise, dll(A)
Mean
SD
Range

Temperature, °C
Mean
SD
Range
Nole:

"c =

(° F - 32)/1 8

Table 2. Correlation coefficients for bus data.

Item

Response

Roll

Pitch

Yaw

Longitudinal
Acceleration

Transverse
Acceleration

Vertical
Acceleration

Noise

Temperature

Subject response
Roll
Pilch

1.00
0 . 76
0.22
0.05
0.48
0.28
0.57
0.07
-0.08

1.00
0.57
0.39
0.57
0.59
0. 71
0.28
-0 .29

1.00
0.63
0. 50
0.80
0. 68
0. 47
-0 . 41

1.00
0.48
0. 77
0.60
0. 52
-0 .35

1.00
0 , 61
0.62
0.25
-0.29

1.00
o.77
0 , 56
-0.43

1.00
0 . 51
-0 .29

1.00
-0 ,08

1,00

Subject

Yaw

Longitudinal acceleration
Transverse acceleration
Vertical acceleration
Noise
Temperature

Figure 1. Mean subject response versus (RMS) roll rate for bus
experiment.
~

...

••

5:

"

.,;

g
=r

0
0

"'

~
~

A
0

"'~
~

<V

..

0
U>

-i..oo

1. 50

2.00

2. 50

3. 00

(RMS) ROLL RATE

3. 50

4. 00

4. 50

5.00

( 0 /sec)

RESULTS OF BUS AND TRAIN
EXPERIMENTS
Bus
In the bus experiment, environmental data and the re-

sponses of 30 subjects were collected for each of 52
road segments. Within each segment, the variation
among the individual responses had a standard deviation
(SD) of approximately 1.3. The measure used in the
following discussion is the mean of the 30 subjects' responses for each segment.
Table 1 summarizes the statistical information
gathered in the bus, train, and airplane studies. The
data display a relatively wide spread in all of the motion
variables. The coefficient of variation for all motion
variables exceeds 2 5 percent; only in the noise variable
is the spread much lower, with a coefficient of variation
of 3 percent [this, of course, is misleading because the
dB(A) measure is logarithmic rather than linear]. The
data on pressure are not given because of the insignificant variation in this variable .
Table 2 gives the Pearson correlation coefficients of
the mean responses, motion variables, noise, and temperature. The relations an1ong the responses of the
subjects and the individual motions can be seen more
clearly in Figure 1, which relates the mean response
(on the vertical axis) and the mean roll rate (on the horizontal axis) for the collected data.
Because of the high colinearity among the independent
motion variables, stepwise linear regression was used
to examine their relationship with the dependent variable
(comfort). [The stepwise regression technique has been
used in similar studies (7) with satisfactory results.]
The results of the regr ession analysis can be ex-

3

pressed by a comfort-model equation having the following
form:
C =A+B wR

(I )

where
C
A and B

=
=
Wo =

comfort rating,
coefficients, and
roll rate (°Is).

Table 3 . Comfort models using bus experimental data.
A

C = A+ Bwn - Dwv

B

Category of
Subject s

Value

SE•

Value

All

0.87
0 , 79
0.93
1. 71
0.84
-0.22
1.25
0.47

0 .32
0 .31
0.33
0.31
0.38
0.37
0 ,3 l
0.35

1.05
1.12
0.97
0, 91
1.01
1.28
0, 99
l ,09

Seldom riders
Frequent rid e rs
Ages 16 to 24
Ages 25 to 48
Ages <49
Males
Females

The coefficients, R 2 statistics, and levels of significance
for all categories of riders are given in Table 3. RMS
roll rate is the dominant variable in all cases. It is
noteworthy that the R 2 statistic is greater than 0.50 except for the ages 2 5 to 48 category and that the level of
significance in all equations is better than 0.001.
Although the stepwise regression enters yaw, pitch,
and vertical acceleration into the equation at the 0.05
level of significance , these variables are not included
in the model. The coefficients of these variables are
not all positive , a counter-intuitive result. For example, the second variable to enter the equation (for all
subjects) is yaw, resulting in the following equation:

SE"

R'

Level of
Significance

0.13
0.12

0.58
0. 62
0.53
0.53
0.47
0.61
0. 56
0.56

•0 0,001
<0.001
<0 ,001
'0.001
<0.001
<0 , 001
<0 , 001
<0.001

o. 13

0. 12
0.15
0. 14
0 . 12
0. 14

a SE "" standard error,

CR' = 0.65)

(2)

where D = coefficient and W v = yaw rate (°/ s). The coefficients and standard errors (SEs) for this equation
are given below,
Coefficient

Value

SE

A

1.68

B
D

1.20
0.55

0.39
0.13
0.18

It is not realistic that increased yaw in a vehicle's moFigure 2. Comfort versus roll rate by category of subject.
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tion will increase the comfort of the passenger for the
range of frequencies encountered. These additional
terms are therefore not used because they do not reflect
a theoretically sound basis for a comfort model.
Graphic representations of the individual regression
equations, by category, are shown in Figure 2. Both
the constants and the slope coefficients are of interest.
The three categories of subjects will be considered
separately. First, seldom riders have a lower intercept coefficient , but a higher slope coefficient than do
frequent riders; however, these results are not statistically significant because of the relative magnitudes of
the standard errors and should only be considered as
trends. When subdivided by age, young riders are
generally less satisfied with the bus ride, as evidenced
by the large intercept coefficient, but are more tolerant
of the roll motion; older riders are generally more satisfied with the ride, but are more sensitive to the rolling
motion. In the male and female categories, the inter cepts are significantly different, but the slopes are not.
Males tend to be generally more intolerant of the ride
than are females, but their responses to the vehicle motion are approximately the same.

H
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0

1
2
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0
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In the train experiment, the responses of 30 subjects were
collected on each of 79 track segments. As in the bus
analysis, the dependent variable is the mean response
of these 30 subjects.
The train data are summarized in Tables 1 and 4.
Table 1 gives a statistical summary of the environmental
data, including the mean, standard deviation, and range
of each variable for the 79 segments. The motion data
collected in the train experiment had noticeably less
variation than that collected in the bus experiment. For
example, the train data have coefficients of variation
of 20 and 11 percent for roll and pitch respectively with
others in the range of 23 to 3 5 percent. Table 4 gives
the partial correlation coefficients for the train data.
The noise level has the highest correlation with the subject responses, and the roll and transverse acceleration
have partial correlations of 0.44 and 0.34 respectively.
The stepwise regression approach used in analyzing
the train data produced regression equations of the
following form:

4
equations are given below:

(3)

C = A+ E ctB(A) + Bw"

The coefficients, R 2 statistics, and levels of significance
of these equations for all categories of riders are given
in Table fl . In these models, the noise and roll variables together explain 52 percent of the total variance
in the subjects' responses. The next variable to enter
is longitudinal acceleration, which increases the R 2
statistic from 0. 52 to 0. 54. This small increase does
not warrant inclusion in the model, and this variable is
not entered .

C = 2.1+189a v + 17 18 r

+0. 19 [ct B(A)-85.5 ]

(av" l.6a T)

(4a)

(av< l.6aT )

(4b)

C= 2.1+1.6av +39.8ar

+0.19[ctB(A)-85.5]

where a ., and ar are vertical and transverse accelerations respectively. For these two equations, R 2 = 0.41,
and the sample sizes are 2000 and 16 80 respectively.
Although no sex-specific or age-specific models have
been generated, it has been observed (9, 10) that women
are less sensitive to motions than are men.
In the airplane -simulator flights, it was possible to
generate motions that allowed the investigation of one
variable at a time . In this paper, only the response to
roll rate is presented to allow a comparison with ground
modes (13):

AIRCRAFT DATA
Data were taken on flights of four different commuter
airlines, each flying different aircraft with flight times
of 15 to 60 min. The aircraft involved were all small
( 15 to 30 passengers) and short haul [ <800 km (<500
miles)]. In addition, flights on board an in-flight aircraft
simulator were conducted using special subjects to obtain responses to motion environments not experienced
in present-day commercial aircraft. These flights are
described elsewhere ( 13). Stepwise linear regression
analysis yielded the following models for comfort.
For the commercial flights, the data are summarized
in Table 1, and the correlation coefficients are given in
Table 6. The motion terms with the highest correlation
with comfort are vertical and transverse accelerations
and roll. Noise is a smaller contributor; however, it
is included here for completeness. Because the comfort
equation is nonlinear, two equations were fitted to the
airplane data depending on the relative magnitudes of
the transverse and vertical accelerations (~. These

C = 1.34 + 0.76WR

(5)

where the dominant frequency for the roll motion is
Hz. This is chosen to conform with the lowest dominant
frequencies of the ground modes. No high-frequency
roll-motion data are available because this type of motion does not occur in the air mode.
COMPARISON OF BUS, TRAIN, AND
AIRPLANE MODELS
Before proceeding with comparisons of the models them-

Table 4. Correlation coefficients for train data.
Item

Response

Roll

Pitch

Yaw

Longitudinal
Acceleration

Transverse
Accele r a tion

Subject response

1.00
0.44
0.31
0.20
0.43
0.34
0.08
0.63
0.24

1.00
-0.03
0.62
0.06
0.56
0.41
0.15
-0.04

1. 00
-0,14
O, lB
-0. 18
-0.38
0. 43
-0.06

1.00
0.05
0.77
0.18
0.05
-0.03

1,00
0,07
-0.05
0. 46
0. 21

1.00
0 .26
0.04
-0.03

Subject

Roll
Pitch
Yaw

Longitudinal acceleration
Transvers e acceleration
Vertical a c celeration
Noise
Temperature

Table 5. Comfort models using train experimental data.

A
Ca tegory of
Subjects
All

Seldom r iders
F requent riders
Ages 16 to 25
Ages 25 to 48
Ages <49
Ma les
Females
~SE =

Vertical

Acceleration

Noise

Temperature

1.00
-0 .13
- 0.22

1.00
0.27

1.00

E

8

Level of

Va lue

SE'

Value

SE'

Value

SE'

R'

Signifi cance

-5 .26
-4 .26
-6 .30
-5. 86
-3 .04
-6 .67
-6 .20
-4 .33

0.96
0.96
1.06
0.94
1.03
0.26
1.09
0.92

0.10
0.08
0.11
0.11
0.06
0.12
0.11
0.08

0.01
0.01
0.01
0.01
0.01
0.02
0.02
0 .01

0.96
1.05
0.88
0.81
1.01
1.00
0.86
l.06

0.21
0.22
0.24
0.21
0.23
0.28
0.24
0. 2 1

0.52
0.48
0.51
0.54
0.37
0 .46
0.50
0.50

<0,001
<0.001
<0.001
<0 .001
<0.001
<0.001
<0.001
<0.001

slanda rd error.

Table 6. Correlation coefficients for airplane data.
Item
Subject r e sponse
Roll
Pitch
Yaw

Longitudinal acceleration
Transverse acceleration
Vertical acceleration
Noise
Temperature

Subject
Response
1.00
0.71
0.56
0.30
0.30
0.68
0.74
0.18
-0.13

Roll

Pitch

Y aw

Long itudinal
Acceleration

T1·a nsverse
Acc eleration

Vertical
Acceleration

1.00
0.81
0.50
0.41
0.86
0.91

1.00
0.66
0.54
0. 78
0. 78

1.00
0.25
0.57
0.40

1.00
0.40
0.39

1.00
0. 82

1.00

Noise

T emperature

1.00
1.00

5
Figure 3. Normalized lateral -acceleration power spectra for bus,
train, and airplane motion.

Figure 5. Normalized roll-rate power spectra for bus, train, and
airplane motion.
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Figure 4. Normalized vertical -acceleration power spectra for bus,
train, and airplane motion.

Table 7. Regression coefficients by mode and motion.
Stimulus

10.
Vehicle Type

Roll

Bus

1.05 t 0.13
0.96 ± 0.21
0,76'

Train
Airplane (av '2: 1.6a 1)
Airplane (a" < l.6a1)
l.
~

I
2::
rl

I

1·-1·
I
,J,I

. 01

11
,1
,1

N

,_,,

I

I
I

I

AIRPLANE

r,

2::
rl

·.."'--.
. 001
10

12

-

28.0 8.5'
12 . 1 0 .2
39.8 1 8.6

0.10 ± 0.01
0.19. 0.03'
0.19 ± 0.03

Not an important variable for mode

Although the models obtained are somewhat different
in nature , the y do have similarities . However , as regression models apply only within the limited range for
which there are data , it is not surprising that different
travel modes have different regression models. These
differences suggest an examination of the influences of
the environmental variables. In Table 7, four variables -roll rate, vertical acceleration , transverse acceleration, and noise-are compared. The three major
models are summarized below:

··· ~ AIRPLANE

0

16.6 ± 5.2·
18.9 ± 1.0
J.6 r 0.7

Transverse Noise

TRAIN

.1

.01

-

Vertical

14

16

18

FREQUENCY (HZ)

selves, it is important to note several differences in the
data. First , the frequency distributions of the three
modes are different (Figures 3 , 4, and 5). The airplane
motion is dominated by low-frequency components (i.e.,
<2 Hz) for roll rate and vertical and lateral acceleration, but the bus motion, and to a lesser extent the train
motion, have more high-frequency components. A second difference is the range of motion encountered for
the three modes. Table 1 indicates that there is less
angular motion on the airplane than on the ground modes.
In addition, there are significantly higher noise levels
on board the aircraft. Of course, as in any regression
analysis, caution should be used in applying the models
to situations outside the range of the experimental data.

1. Bus: C = 0.87 + l.05wR,
2. Train: C = -5.27 + 0.96w " + O. lOdB(A), and
3. Airplane: C = 2.1+18.9a v + 12.lar + 0.19 [dB (A)
- 85.5] for Av ;, l.6ar and C = 2.1+l.6av +39 . 8a1 + 0.19
[dB (A) - 85.5] for a v< l.6ar.
Within the statistical accuracies given (and remembering that some of the variables are secondary influences for a particular mode) , the agreement is good .
The roll coefficients are similar , with those for bus ,
train, and airplane all in the range of 0. 76 to 1.05 . The
vertical coefficient for the bus data ( 16. 6) lies between
the coefficients for the two airplane models. This is a
reasonable result, with the av/ar ratio for the bus and
train motion approximately unity (Table 1). Because
this is close to the changeover point of a 1.6 ratio in the
airplane equations , it is unclear which of the two airplane equations should be used in the comparison. There
is a similar result in the transverse accelerations,
where the train coefficient of 28.6 lies midway between
the airplane coefficients of 12.1 and 39.8. The noise

6
Table B. Roll·rate regression coefficients for bus and
train data.

3.
Bus
Category of S-ubj\?cts

All
Seldom riders
Frequent riders
Ages 16 to 24
A~es 25 to 48
A~es <49
Males

Females
.i

Train Data

D~ta

Value
1.05
1.12
0.97
0,91
1.01
1.28
0,99
1.09

SE'

Value

SE~

0.13
0.12
0.13
0.12
0.15
0.14
0 . 12
0 . 14

0.96
1.05
0.88
0, 81
1.01
1.00
0.86
1.06

0.21
0.22
0.24
0.21
0.23
0. 28
0.24
0.2 1

4.

SE = standartl error

5.
coefficients of 0.19 for airplane and 0.10 for trains are
also in the same range, although statistically different
(at a 0.05 level of significance) . Table 8 gives additional information on the roll coefficients for bus and
train subject subpopulations by age, sex, and frequency
of ridership. Here again there is substantial agreement
between the bus and train modes.

6.

SUMMARY AND CONCLUSION
7.
The data presented suggest that passenger sensitivity
to the different vehicle motions are similar, regardless
of the mode. Because of the dissimilarities in the
dominant motions and in the frequency ranges encountered, conclusions beyond this must necessarily be
guarded. Nonetheless, the results presented show a
similarity in the marginal response to linear and angular
motions that is reasonable from a physiological point
of view and suggests the possibility of a general model
of ride comfort that might be used on a variety of trans portation modes. This general model might take the
form of a multivariate model in which different motions
and environmental factors are included or excluded de pending on their relative dominance. This speculation
is not unreasonable , given the similarity of the regression coefficients in the bus, train, and airplane ridecomfort models.

8.

9.

10.
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Assessment of Ride Quality of
AIR TRANS System
A. J. Healey, Mechanical Engineering Department, University of
Texas, Austin
The acquisition and analysis of ride-vibration data for the AIRTRANS
automated-guideway-transit system at the Dallas-Fort Worth Regional
Airport are discussed. The ride vibrations are measured as translational
components of the vehicle floorboard accelerations in the three principal directions. The total record for a complete loop around the network was subdivided into sections of straight, gently curved, and sharply
curved zones, and ensemble-averaged spectra for each type of zone were
compared. The spectral-response characteristics between straight and
gently curved zones are not very different, but the sharp turns increase
the frequency, particularly in the 10 to 30-Hz range. The low-frequency
behavior gives a multipeaked spectrum arising from the body and wheel
modes as modified by kinematic resonances at frequencies corresponding
to travel wavelengths that are multiples of the steering and main wheel
bases. The ride quality was compared to a recent International Organization for Standardization standard, to a comfort criterion based on passenger satisfaction as found in small aircraft, and to ride ratings in a sedan
automobile. All three predicted adequate ride satisfaction; the second
method showed a 70 percent satisfaction level 94 percent of the time.

The ride quality of ground transportation systems is of
current interest. While there is a good deal of knowledge about conventional systems using automotive, air,
and rail vehicles, there is very little information about
automated-guideway-transit systems. A recent example of such a system for group rapid-transit purposes
is the AIRTRANS system at the Dallas-Fort Worth
Regional Airport.
·
The AIRTRANS system consists of a network of
u-shaped guideways, having both elevated and
ground-level sections, inside which rubber-tired
vehicles ride. The vehicle design is based on a modified truck chassis; individual vehicles are automatically
controlled from a central computer for speed and location within the network. The vehicles have a passive
steering system in which steering direction is given by
rubber guide wheels that run on the guideway sidewall.
There is provision for steering through bends and
switches, including both merges and diverges. Each
vehicle can accommodate up to 60 passengers. The
system links approximately 14 stations with the Airport Marina Hotel and the north and south parking areas.
The route taken by a vehicle is controlled by the
central computer control system, which gives signals
to merge and diverge and switches rails appropriately,
and the passive steering system, which guides the
vehicle correctly through each switch point. Constant
communication to and from the vehicle is maintained
through signals transmitted through the signal rail;
three-phase power is provided as the main driving
source. A modified block control scheme is used.
Each vehicle has a nominal route to take that depends
on whether it is a passenger and employee or a utility
vehicle. The nominal route will determine which station stops are made and which are bypassed.
Figure 1 shows the overall network schematic with
its several interconnected loops. Figure 2 shows a
typical AIRTRANS vehicle, which in its course around
the network makes many turns, diverge and merge
switches, and station stops.
From the point of view of ride quality, one of the
important variables, known· to be correlated with comfort (1), is that of vibration. For seated passengers,
the vertical, longtitudinal, and transverse components

of low-frequency acceleration (0.1 to 40 Hz) are of direct
concern (although the importance of the 20 to 40-Hz
range has not been completely justified). In this work,
the rotational degrees of motion have not been included.
The sources of the vibration are primarily the on-board
air compressor, excitation from unbalance and unevenness in the rolling stock, and roughness in the running
surface and the sidewall steering surface. Because
the AIRTRANS vehicle is laterally constrained with
close tolerances, its vibration levels will be greater
than are those of a typical sedan automobile that is
relatively free to wander laterally.
This paper discusses the experimental techniques
used to measure the floorboard acceleration levels
found in an AIRTRANS vehicle and the data-reduction
techniques used in their assessment. The results are
given in terms of acceleration spectra, one-third-octave
band analyses, and the variation of the root-mean-square
(rms ) acceleration levels ar ound a typical transit loop.
The idea of acceptability based on the percentage probability of achieving a given level of ride comfort is dem onstrated.
EXPERIMENTAL METHOD
Instrumentation
The triaxial components of the linear acceleration were
measured by using the battery-operated portable accelerometer set developed at Langley Research Center (2).
This unit consists of three seismic-mass, strain-gauge
type accelerometers, mounted in mutually perpendicular
directions. The power supply is a 27-V source giving
an output of approximately 5 V /g in each direction.
Each axis i.s calibrated precisely before the field installation. The bandwidth of the accelerometer is from
0 to about 100 Hz.
A four-channel FM tape recorder was used to record
the accelerometer output signals. The recorder is designed for a ±1.0-V range (±0.2 g) and has a 0 to 2000-Hz
bandwidth, which is more than sufficient for this application. The first three channels were used to record the
X, Y, and Z components of the acceleration, while the
fourth channel was reserved for recording the vehicle
speed. This latter signal was important because of the
strong influence that vehicle speed has on vibration
levels and was obtained by recording the output signal
of the on-board tacho-pulser.
The instrumentation hardware was relatively simple
because the method of data analysis was to record the
raw data first and later process the records digitally.
Field Experiment
The accelerometer unit and tape recorder were installed in a single-car, passenger vehicle. The power
for the tape recorder was supplied by a step-down transformer that picked up 440 V ac across two of the three
phases that powered the vehicle and reduced it to 110-V
60-Hz power. An oscilloscope was used for signal monitoring to ensure that good quality data were obtained on
the record. Generally, the 100-Hz bandwidth limitation
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Figure 1. Al RT RANS guideway layout.

AIRTRANS

~ El[VATtO AREAS

Figure 2. Al RT RANS vehicle.

of the triaxial accelerometer unit is adequate for eliminating unwanted high-frequency interference, and the
signals obtained are relatively free from noise.
By careful selection and changing of designated
routes, a special test route was designed that was a
loop starting at the 5E south parking station, traveling through the 4E and 3E areas, crossing through the
3E bridge to the hotel station, and back along the long
straight section to 5E; i.e., 5E to 4E to 3E to hotel to 5E.
In this loop, the 3E bridge section has two sharp [46-m
(150-ft) radius] curves and an assortment of gentle
[242-m (800-ft) radius) curves in the semicircular
terminal zones as well as a long straight section; thus,
it encompasses all of the steering manuevers that the
vehicles are required to accomplish.
Data Processing for Spech·a and
One-Third-Octave Band Analysis

..

The data processing technique used was based on digital methods and is described in detail elsewhere (4).
The complete reP-orcl for a loop illustrated that the
nature of the vibration levels was highly variable because of vehicle-speed variations and effective-roughness
input changes between straight and curved sections.
There were only a few segments in which the results
were approximately stationary. Because of this , segments of the total record were isolated corresponding
to straight, gently curved, and sharply curved zones
traveled at 0.25, 0.5, 0.75 and full speed. In the curved
zones, the segments that exhibited nearly stationary
results, i.e., a frequency resolution of 0.1 Hz, were of
only 10-s duration.

Spectral densities were calculated by computing the
discrete Fourier transform, extracting the mean value,
and smoothing the resultant raw spectral estimates.
The measure of statistical confidence in estimating the
spectral-density values is the number of statistical
de grees of freedom used in the averaging. In the results that follow, 6, 10, and 18 degrees of freedom
were used respectively in the 0 to 1, 1 to 10, and above
10-Hz ranges for the individual section analyses. Better
estimates of the spectra in specific zones [such as a
46-m (150-ft) radius turn) were later found by ensemble
averaging each spectral-density value across sets of
data taken from sections having the same characteristics, but obtained either at another location in the network or from the other run around the primary test
loop.
The total mean-squared acceleration (cr 2 ) of a sec tion is given by the sum of the spectral-density estimates [P(m)] divided by the record length (T). Thus
N/2

a 2 = (l / T ) L P(m)

(l)

To find·the rms acceleration in band intervals of
one-third octave, Equation 1 is applied over a fre quency interval of [[ - (B / 2)) to [f + (B/2)], whe1·e {
is the band-center frequency and B is the bandwidth.
For a one-third-octave bandwidth, B = 0.230 02f, and
the rms acceleration in the band is
f+(U / 2)

A

a ~, (f) = (l/T),

L

P(I)

(2)

f·(ll/ 2)

Because values of P(m) occur only at multiples of the
digitizing frequency 1/ T, where ({ -rB/2) is not an
integer multiple of 1/T, allowance must be made to
include the power that would otherwise be lost.
Probability Density and Cumulative
Probability
The measures of the amplitude content, as opposed to
those of the frequency content, of random vibrations
are the probability density and the cumulative probability function of the signal. The probability density
is the fraction of total samples lying within the band,
i.e.,
< x, < (X + dx), so that

x

N· I

p(x ) = [I /N(dx)]

L x,

i==u

[ x < x, < (x + dx )]

(3)
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and the cumulative probability [ cp (x)J is a function of
the acceleration level that gives the total fractional probability of having acceleration amplitudes less than some
value x.

Figure 3. Ensemble-averaged spectral densities and
one-third-octave band values-full speed along the back
straight: (a) vertical acceleration, (b) transverse acceleration,
and (c) longitudinal acceleration.
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Many processes for which enough samples are taken
exhibit probability functions described by the Gaussian
normal distribution and are thus described by a mean
and a variance only.
In the examination of the experimental digitized rec ords, probability functions have been obtained both for
the probability of exceeding a given value of acceleration within a section and for the probability of exceeding a given rms level in any section for the total ride
around the test loop.
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By using the procedures described above and outlined
in more detail by Healey and others (3), a series of
test sections were isolated for detailed study. These
sections were grouped in the general categories of
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1. Full speed along the straight section between the
hotel and 6W,
2. Full speed in the gently curved turns around the
4E and 3E terminals, and
3. Full speed in the sharply curved turns in the 3E
bridge zone.
The effect of speed variation is complex and will be
discussed in a later report.
Spectra and One-Third-Octave
Band Analysis

Relationships Between Measured Spectra
and Vehicle Dynamics
Figures 3, 4, and 5 show that the body-acceleration
response spectra are generally multipeaked. This is
expected because of the nature of the steering and
suspension systems and the guideway inputs. The
guideway inputs excite the vehicle through the front and
rear wheel sets. The sidewall inputs act to steer the
vehicle, both front and rear. The general nature of
guideway roughness would be expected to follow that of
highway roughness and, because of the time delay between inputs acting at the front and rear of the vehicle,
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For the first category-travel along the back straight
at full speed-five different sections of 10.4-s duration for each section were analyzed separately and the
spectral-density values then ensemble averaged for
each of the three acceleration components. The results for the ensemble-averaged spectra and the resulting one-third-octave band values are summarized
in Figui·e 3. Figure 3 also shows lines corresponding
to the 1 and 8-h reduced comfort guide s (5) for comparison. For the spectral-density results, the reduced
comfort guides have been converted into spectral-density
levels on the basis of the one-third-octave bandwidth.
Figures 4 and 5 show results similar to those of Figure
3; Figure 4 presents the results for full-speed travel
around the gently curved turns, for which nine cases
were averaged, and Figure 5 presents the results for
sharply curved turns, for which seven cases were
averaged.
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kinematic resonances (3) in the body heave, pitch, yaw,
roll, and transverse motions are anticipated at frequencies of
f= kV/W

(k= \, 2,3, ... )

(5)

where V = vehicle speed and W = wheel base.
For the AIRTRANS vehicle, W = 5.5 m (18 ft) between
guide wheels and 4.3 m (14 ft) between drive wheels; at
the full speed of 7.6 m/s (25 ft/s), peaks are expected
at intervals of about 1.4 Hz in the lateral acceleration
and 1.78 Hz in the vertical. These kinematic resonances
are apparent in the experimental results.
In some frequency ranges, these kinematic resonances
coincide with the vehicle dynamic modes. The primary
vertical modes derived on the basis of mass and stiffness
data obtained from the vehicle manufacturer are given
below (1 kg= 2.2 lb and 1 kg/m = 0.0560 lb/in).

10
Figure 4. Ensemble-averaged spectra and one-third-octave
band values-full speed around 242-m (800-ft) radius
turn: (a) vertical acceleration, (b) transverse acceleration,
and (c) longitudinal acceleration.
(o)

Figure 5. Ensemble-averaged spectra and one-third-octave
band values-full speed around 46-m (150-ft) radius
turn: (a) vertical acceleration, (b) transverse acceleration,
and (c) longitudinal acceleration.
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Parameter

Value

Sprung mass, kg
Load with 10 passengers, kg
Unsprung masses (each axle), kg
Air-bag springs (total), kg/m
Tire stiffness (total), kg/m
Body-bounce frequency, Hz
Wheel-hop frequency, Hz

3960

772
1250
3144
328 000
1.25
6.0

Figure 3a shows that the body-bounce mode at 1.25
Hz does not stand out strongly, but that there is a general peak in the acceleration response at about 2 Hz
that arises because of the proximity of the bounce mode
to the fundamental vertical kinematic resonance. Other
peaks at approximately 3.5 Hz and 5.0 Hz are identified.
The 5.0-Hz peak is heightened because of its proximity
to the natural frequency of the wheel-hop mode. The
peaks in the spectrum at 30 and 60 Hz are caused by
excitation from the on-board air-compressors required
to run the air-bag secondary suspension.
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Turning to the transverse response case, in a mathematical model described by Healey (6), the prime transverse body mode occurs near 1.5 Hz- and the lateral
guidebar bounce mode occurs around 4 Hz. Figure 3b
shows peaks at the 1.5-Hz primary natural frequency
and multiple resonances at intervals close to the 1.4-Hz
interval predicted for the lateral steering kinematic
resonances. Further comparison between four-degreeof-freedom lateral models and the data in Figure 3b is
given by Smith and others (6).
Figure 4 shows that there is little difference between
travel on large-radius turns and along straight sections.
Apparently, little steering action is taking place. Data
given by Murray (7), which consider the measurement
of guideway sidewa ll roughness, showed that in these
areas, only light steering motions occur.
Comparison between Figures 3 and 5 shows that the
action of positive steering around the sharp turns increases the vertical-acceleration levels, particularly
in the 20 to 25-Hz range, and also the low-frequency
transverse-acceleration levels. The increase in low-
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Figure 6. Probability density
and cumulative probability
distributions for a typical
section.

frequency transverse content comes from longwavelength irregularities in the sidewall profile.
Probability Distributions
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Figure 6 shows that the probability of exceeding a given
level of vertical acceleration within a 10-s record is
very close to the Gaussian normal. This may be expected. In these records, there are only small amounts of
low-frequency acceleration and, in a selection of 4096
data points, many samples of higher frequency. For
data with significant linear trends, such as for guideway roughness measurement, this happy result may not
be true.
If each 10-s record is assigned its rms acceleration
values, then it is possible to calculate the probability of
experiencing a ride of less than, for example, 0.05g by
extracting the percentage of 10-s sections having rms
accelerations less than 0.05. Over the total ride around
the loop, approximately 120 such sections were found;
their corresponding cumulative probability functions
were calculated.
Figures 7 and 8 show the cumulative probability for
exceeding the rms acceleration taken over the whole test
loop where the 10-s interval was taken as the time for
calculation of the rms accelerations. Here, the
Gaussian distribution function is not followed; the nature
and design of the test loop has contributed some sections
of sharply curved turns on which higher acceleration
levels are inevitable and many sections with levels close
to average. There are also some sections having low
rms accelerations. Many of these occur in sections
where the vehicle speed is slow because of system
control command.
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Ride Quality and Comfort Levels
The question of relating data on ride motion to anticipated comfort levels for passengers has been a perplexing one for many years. Early work dealt with the evaluation of simple harmonic motions, but the AIRTRANS
motions are of a broad-band random nature. It has been
suggested (5) that such ride motions be evaluated from
the point oCview of passenger safety in terms of a onethird-octave band analysis and compared with reduced
comfort limits for various exposure times. Such comparisons give rise to the one-third-octave band results
as given in Figures 3, 4, and 5. This approach is insufficient, however, because the degree of acceptability of
a ride meeting the 1-h exposure guide, but not the 8-h
exposure guide, is not given. As a general observation,
the 1-h ex p osm·e reduced- c omfort gui deline (5) would
allow far larger vertical accelerations than were found
in AIRTRANS.
A more appropriate approach has recently been suggested by Jacobson, Kaulthau, and Richards (8). After
many correlation studies working with small aircraft
(and more recently buses, as discussed in a paper in
this Record), they suggest comfort equations that link the
combined axial accelerations to a comfort level and finally to the percentage of satisfied passengers. Their
comfort equation (8), given for the case in which transverse accelerations are greater than 62 percent of the
vertical, is
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Figure 8. Cumulative probability for
exceeding vertical acceleration taken over the
complete test loop.
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C = 2 (comfortable), 3 (neutral), 4 (uncomfortable),
or 5 (very uncomfortable).
At the 70 percent passenger satisfaction level, C = 3 .4
(8).
Because AIRTRANS passengers face the side of the
vehicle, the transverse direction for passenger comfort
is the longitudinal vehicle direction. However, in most
of the sections examined, the rms longitudinal acceleration was the smaller of the horizontal plane motions
(Figures 3b and 3c) and, by following identical procedures for evaluating horizontal plane motions (5), it
seems appropriate to use the vertical and transverse
accelerations in computing a comfort-level number.
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Finally, under the assumption that the AIRTRANS transverse and vertical accelerations are always correlated
and that a'""' is related to aven by

Transportation Systems Center, U.S. Department of
Transportation, for equipment loans, and the cooperation of the engineering staff of the Dallas- Fort Worth
Airport Board are gratefully recognized.

(7)
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(which has been found to be the case over many individual sections analyzed), it follows that

c

=::

2 + 21 avt: rl

( 8)

and for a 70 percent satisfaction level, am,=- 0.07 g.
Figure 7 shows that this level of satisfaction is expected over 94 percent of the network loop.
A previous study (9) of rides in automobiles showed
that the vertical acceleration correlated strongly with
the ride rating; ratings for 8 0-km / h (50-mph) travel
over a U . S. highway in an American sedan were between
three and four (9). The corresponding verticalacceleration-level band was between 0.035 and 0.055 g.
The AIRTRANS rms vertical-acceleration levels average 0.047 g, which is within the bound of the automobile
comfort.
CONCLUSIONS
It would appear that the ride quality of the AIRTRANS

vehicle, as measured in terms of the vertical and transverse components of body acceleration, will yield a 70
percent satisfaction level 94 percent of the time. This
conclusion is based on the assumption of a comfort
equation developed for small aircraft that may not be
precisely applicable. However, it is also supported by
a favorable comparison of the vertical-acceleration
levels with those measured in an American sedan traveling at 80 km / h (50 mph) over a U.S. highway.
The probability distribution of the acceleration level
within a 10-s section of record is closely modeled by a
Gaussian distribution. The spectra as measured at the
floor of an AIRTRANS vehicle show that vertical, transverse, and longitudinal accelerations are multipeaked
with the major peaks in the 1.0 to 6 .0-Hz range. These
peaks can be explained in terms of the primary vehicle
resonances and the kinematic resonances induced by the
delays between the guideway inputs at the front and rear
of the vehicle.
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Effects of Deceleration and Rate of
Deceleration on Live Seated
~uman Subjects
C. N. Abernethy, G. R. Plank, and E. D. Sussman, Transportation Systems
Center, U.S. Department of Transportation
H. H. Jacobs, Dunlap and Associates
This paper describes the testing of seated human subjects to determine
the maximum deceleration and associated rate of change of deceleration

{jerk) at which the majority of potential users of automated-guidewaytransportation systems will remain securely in their seats. The subjects
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underwent various levels of deceleration and associated jerk in an instrumented vehicle while seated normally (forward facing); sideways
(turned 90° counterclockwise from the direction of travel); and normally, ~ut tilted backward (facing forward, but with the entire seat
tilted 5 backward). The subiects also underwent various levels of
jerk (seated normally only) _ Two groups of subjects were chosen to
represent the anthropometric extremes of potential passengers: males
larger than 95 percent of the male population and females smaller
than all but 5 percent of the female population. Estimates based on
these tests of th~ maximum permissible emergency deceleration are 0.47 g
for forward-facing, seated passengers and 0.41 g for side-facing, seated
passengers. Tilting the entire seat assembly back 5° increased the estimated maximum permissible deceleration to 0.52 g.

A major problem in the design of transit systems is the
selection of the levels of deceleration and the associated
rate of change of deceleration (jerk) used for emergency
and service stops. These levels have an important effect on the headway (the time or distance maintained between vehicles) and, therefore, on the passenger-flow
rate of the system, Shorter headways allow higher flow
rates, but require greater decelerations and jerks. However, increasing the deceleration level increases the
probability of injury to the passengers caused by dislodging them from their seats. This potential for injury
becomes an even greater problem in conservatively designed systems because false-alarm stops will outnumber
true emergencies. These false-alarm stops increase
passenger exposure to excessive deceleration levels and
thereby, degrade safety.
'
The problem, therefore, is to determine the deceleration and jerk levels that will maximize the passengerflow rate of the system while minimizing injuries to the
passengers caused by decelerations.
BACKGROUND
There has been very little experimental research on this
topic, and of this limited research, only two previous
studies have used live human subjects. In a study directed at developing specifications for sfreet railways
(trolley cars), Hirshfield (1) accelerated standing subjects at consta11t jerk rates- of between 1 and 10 g/ s. The
participating subjects were 11 to 78 years old, weighed
39 to 107 kg (87 to 235 lb), and were 132 to 193 cm (4 ft
4 in to 6 ft 4 in) tall. In this study, the foot movement
accompanying loss of balance resulted in the opening of
a sensor switch. Loss of balance occurred at 0.16 g for
both forward-facing, unsupported males wearing lowheeled shoes and for'.'.':.rd-facing, unsupported females
wearing high heels. Loss of balance occurred at 0.23 g
for subjects holding an overhead strap and at 0.27 g for
subjects holding a vertical stanchion.
The second study [Browning (2)] also measured only
standees. Ninety subjects ranging from 15 to 65 years
old participated. The subjects could face either forward
or backward and use a handhold if they so desired. Observer raHngs of movement indicated that the subjects
reacted equally to acceleration (facing forward) or deceleration (facing backward). Ratings of slight relative
movement occurred at 0,055 g for unsupported subjects,
at 0.115 g for subjects holding the hand rail, and at 0,18 g
for fit adults holding the hand rail. Safe emergency decelerations in excess of 0.2 g were postulated for seated
subjects.
A more recent study (3) performed with seated anthropometric dummies used static test procedures. A
79.4-kg (175-lb) cloth-covered buttock form was pulled
from a standal'd transit seat, and a spring scale was
used to measure the force. Forces equivalent to 0.94 g
acting on the buttock form were required to dislodge it
from a forward-facing, contoured seat covered with

barley-clo~h vinyl.
For the same seat facing sideways,
forces equivalent to 0.97 g were required to dislodge the
form. No attempt to validate these figures through dynamic testing was reported.
In an analytical study, Fox and Dryden (4), using a
biomechanical computer model, found that O. 559 g would
be required to dislodge a forward-facing 9 5th percentile
[98.4 kg (215 lb), 186.2 cm (6 ft 1 in)] male model from
its seat.
None of these investigations studied seated human
subjects. However, some automated-guideway-transit
(AGT) systems are projected to achieve high passengerflow rates by using many small vehicles that have all
passengers seated and short headways. Consequently
the design of these systems requires knowledge of the'
effects of deceleration and jerk on seated passengers to
ensure that they are simultaneously safe and efficient.
None of these studies provides such data.

APPROACH
This study was designed to determine the deceleration
levels required to dislodge potential passengers under
typical conditions. These typical seating, passenger,
and stopping conditions suggested the following choice of
independent variables: seat orientation, seat tilt level
of jerk, and subject size. The relations among s~bject
size, age, and sex were not considered.
Under each s'et of conditions, large and small human
subjects were subjected to controlled decelerations while
seated in a standard transit seat. Switches placed in the
seat pan indicated when the subject was dislodged from
the seat,
The study was conducted in three segments or tests
that were designed to determine the effects of seat orientation, seat tilt, and level of jerk on passenger dislodgment. The two seat 01·ientatioJ1s selected (f01·ward
facing and side facing ) are those most commonly installed in transit systems. The seat tilt angle selected
is the greatest degree of tilt possible commensurate with
comfort and ease of egress. The jerk levels were chosen
to represent an operational level and an emergency level.
The methodology and results of these tests are described
in t~e next two sections. The most sensitive dependent
variable was found to be the level of deceleration at
which the subjects left the seat pan.
METHOD
Subjects
Twenty subjects were recruited by newspaper advertisement from the general population of Ayer, Massachusetts. Ten of the subjects were females below the 10th
percentile of weight and height for females [i.e., less
than 46. 7 kg (103 lb) in weight and 155 cm (61 in) in
height] and 10 were males above the 90th percentile of
weight and height for males [i.e., more than 85. 7 kg
(189 lb) in weight and 183 cm (72 in) in height] (5)_ A
summary of subject characteristics is given below
(1 kg = 2.2 lb and 1 cm = 0 .4 in).
Characteristic
Age, years
Mean
Range
Weight, kg
Mean
Range
Height, cm
Mean
Range

Small
Females (N

=

10)

Large Males
(N = 10)

23.6
18 to 32

35.4
25 to 50

44.0
41.5 to 46.7

99.1
85. 7 to 113

152
1.47 to 158

188
180 to 196
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Figure 1. Automated-guideway type transit seat with installed
switches.

Note: 1 cm

c

0.4 in.

Before participating iri the tests, the subjects were required to pass a medical examination administered at
the Fort Devens Hospital. They also completed an
informed-consent form.
Apparatus
A commercially available seat was selected to be rep-

resentative of the modern transit seat to be used in AGT
systems. For these tests, it was mounted in the rear
section of a large van. Switches were installed at the
front and rear of the seat bottom so as to ope11 when a
subject was dislodged (Figure 1). A force-balance accelerometer mounted on the vehicle floor next to the
transit seat was used to measure the deceleration of the
vehicle, and a fifth wheel measured the vehicle velocity.
The decelerations were initiated by the driver through
the standard braking system of the vehicle. The driver
controlled the deceleration level by monitoring a U-tube
accelerometer attached to the front windshield. The
following analog data were recorded on a 14-channel
magnetic tape recorder: velocity, switch openings, and
actual decelerations.
Each subject was fitted with a pair of denim trousers
to eliminate frictional differences caused by clothing design and material. A five-point racing-tyPe safety harness was loosely fastened about the subject and adjusted
to allow him or her to slide to the front edge of the seat,
but no further. All subjects were fitted with motorcycle
helmets to prevent accidental head injuries.
Procedure
Ten of the subjects recruited for the tests were used
in the studies designed to evaluate the effect of seat orientation, and the remaining 10 were used in the studies
designed to evaluate the effect of seat tilt. From the

total group of 20, 6 subjects were later drawn to participate in the studies designed to evaluate the effect of
jerk. Within each experiment, the effect of passenger
size was evaluated by selecting half the subjects to be
10th and lower percentile females and half to be 90th and
higher percentile males.
The tests were conducted in clear weather on a
straight, dry macadam road at Fort Devens in Ayer,
Massachusetts. Up to 4 subjects/ct were tested with up
to 10 decelerations per subject, 5 for each experimental
condition in the first two tests and 3 each for the third
test. Each subject was briefed on the entire procedure
before the testing. They were asked to sit as they would
normally sit in a transit vehicle such as a bus, remain
relaxed, and not anticipate the decelerations. The fivepoint safety harness was fastened and adjusted. The
subject, when seated, could see through the front windshield of the passenger's side of the vehicle, but was
prevented from viewing the driver's activities by a curtain. Each subject was tested individually; the other
subjects were able to view the tests from a distance.
In each test, the driver would accelerate the vehicle
to 64 km/h (40 mph) and then brake it at a constant deceleration until it stopped. Each subject experienced
10 predetermined deceleration levels.
The experimental conditions for the effects of the independent variables (passenger size, seat position, seat
tilt, and jerk) on the dependent variable (deceleration at
which the subjects were unseated) are summarized below:
1. Ten subjects (5 large and 5 small) were exposed
to 10 decelerations at high jerk. For 5 of the decelerations, the subjects were seated facing forward in a
normally mounted seat. For the other 5, they were
seated facing sideways.
2. A second set of subjects (5 large and 5 small)
were exposed to 10 decelerations each at high jerk. For
5 of these decelerations, the subjects were seated facing
forward in a normally mounted transit seat. For the
other 5, they were seated tilt.ed 5° back.
3. Six of the previous subjects (3 large and 3 small)
were exposed to 6 decelerations seated facing forward
in a normally mounted seat. The onset of 3 of these decelerations was rapid (high level of jerk), and the onset
oI the other 3 decelerations was gradual (low level of
jerk).

Design of Tests
All three tests were designed to be analyzed by using
two-way, fixed-effects analyses of variance with repeated
measures on the second factor. The first factor in all
three analyses was subject size (S) (small versus large).
The second factor was the experimental condition: seat
orientation (O) in the first test, seat tilt (A) in the
second, and jerk level (J) in the third . To ensure that
any obtained significant differences in the repeated variable were interpretable as due to the variable tested
and not to procedural or subject differences, the order
of presentation of treatments was arranged according to
the follo\ving three constraints:

1. Subjects were not to experience either the forward
or reverse order of any two adjacent deceleration levels
(to reduce subject anticipation),
2. Both subject groups were to experience the same
01·cte1· of treatment in each experimental condition (to
allow proper compai·ison of their responses), and
3. The deceleration levels used in each experimental
condition (up to five in some cases) were to be counterbalanced over the five subjects within each group.

15
difference was identified (t = 0.14, degrees of freedom=
77), indicating that the slight differences associated with
subject or order variables can be attributed to chance.
Because there was no statistically significant difference, the data from the control conditions were pooled.
Tests for skewness and kurtosis were performed on the
20 forward-facing, untilted subjects of tests 1 and 2. The
results of these two tests indicate that the data were distributed normally, which permits the use of statistical
parametric techniques. Figure 2a represents these
pooled data.
To estimate a conservative level of deceleration that
would allow the great majority of passengers to remain
securely in their seats, the standard deviation was computed and subtracted from the mean. This value represents the deceleration level at which 84 percent of the
occupants would remain securely in their seats. In a
similar manner, a second estimate obtained by subtracting two standard deviations represents the deceleration
level at which 9 5 percent of the occupants would remain
securely in their seats. The deceleration levels at which
50, 84, and 9 5 percent of the subjects will remain securely in their seats are indicated in Figure 2a for the
control condition. Similarly, Figure 2b represents the
data obtained when the seat was oriented to the side, and
Figure 2c represents the data obtained when it was tilted
back 5°. (The small number of these data points precluded vigorous tests for normality.) A discussion of
these tests follows.

Because it was disruptive and time-consuming to change
the seat position or tilt after each run, all five decelerations for one seat arrangement were presented sequentially.
RESULTS
Analysis
Examination of the data showed that the left rear switch
provided a common and sensitive measure of subject
displacement in all phases of the experiment, and therefore only the data for this switch were used in the analysis. The dependent variable reported and analyzed is
the actual deceleration at the time of the opening of the
switch, for all trials in which the switch opened. Because the subjects were exposed to predetermined decelerations, rather than to deceleration until the switch
opened, there were cases in which the switch did not
open, and no value of deceleration that caused dislodgement was obtained. This occurred only at the lowest deceleration levels (0.3 g in test 1 and 0,4 g in tests 2 and
3) and was a problem only with the small subjects. Because of the failure to obtain reliable and consistent
measures at these low deceleration levels, the data
were considered anomalous and excluded from the
analysis.
To determine whether there was any difference in the
deceleration level at which the passenger seat switch
opened under the control conditions (forward facing and
untilted), a t-test was used to compa1·e the data taken
under these conditions for tests 1 and 2. No significant
l>

Figure 2. Comparison of distributions of observed data
with the normal (results of tests 1 and 2).
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Test 1: Seat Orientation
Five large and five small subjects seated in the standard
transit seat, facing forward or facing sideward toward
the driver's side, were decelerated at levels of up to
0.3, 0.4, 0.5, 0.6, and 0.7.
As anticipated, the subjects seated facing forward
sustained higher decelerations without dislodgment than
did those facing sideways. The mean deceleration
(:d standard deviation) required to displace the subjects
from the seat was 0.55 (±-0.08) !I in the forward position
a11'd 0.49 (*0 . 08~ g in t he side position fol' the same subjects. The analysis of variance shown below indicates
that this difference had a probability of less than 0.001
of being due to random variation rather than to seat
orientation (Ss = number of subjects).

Source of
Variation

-- -

Degrees
of
Freedom

Sums of
Squares

Mean
Squares

F

p

0.034 92

NS

26.948 88
0.390 46

0.001

Between subjects

s

S x Ss
Within subjects
0
0 x s
Ox Ss
Total

1
8
1
1
8
19

0.000 82 0.000 82
0.018 77 0.002 35
0.021
0.000
0.006
0.047

00 0.021 00
30 0.000 30
23 0.000 78
12

Source of
Variation

Degrees
of
Freedom

Sums of
Squares

Mean
Squares

F

p

0.005 02
0.023 97

0.005 02
0.003 00

1.677 15

NS

-

0.011
0.001
0.015
0.057

0.011 38
0.001 75

5.806 31
0.892 37

Between subjects

s

S x Ss
Within subjects
A
Ax S
Ax Ss
Total

1
8
1
1
8
19

38
75
67
79

0.041
NS

There was no evidence of a difference due to subject
size or the interaction of subject size with seat tilt.
Observations made during the deceleration tests indicated that, for subjects in the forward-facing seat
position, for both tilt angles, the reaction to the higher
decele1·ation levels was as follows: The upper torso
pitched forwa1'd and i·otatecl about U1e hips, and th.is was
followed by the buttocks slicllng forward in the seat. The
reaction to lower deceleration levels was a rotation with
less violent sliding.
Test 3: Jerk

NS

There was no difference due to subject size or the interaction of subject size with seat orientation.
Observations made during the deceleration tests indicate that, generally, for subjects in the forward-facing
seat position, the higher decelerations resulted in the
torso pitching forward and rotating about the hips, followed by the buttocks sliding forward in the seat until
the entire body reached the maximum excursion allowed
by the restraint system. The reaction to lower decelerations was primarily rotational with little sliding.
In the side-facing seat position, the reaction to all
deceleration levels was a rotation of the upper torso
about the right buttock. At higher deceleration levels,
this rotation resulted in the maximum excursion allowed
by the restraint system. The pure rotation was, in all
likelihood, due to the deep contour of the seat in the side
position.

Three large and three small subjects were selected for
this test from those participating in the previous two
tests. These subjects were exposed to decelerations applied with high (1.5 to 2.0 g/ s) or low (0.1 to 0.5 g/s)
levels of jerk. The deceleration levels were up to 0.4,
0.5, and 0.6 g. All subjects were e)qJosed to all six
combinations of jerk and deceleration while seated facing
forward in a standard transit seat mounted in the normal
position.
The mean deceleration (±1 standard deviation) required to displace the subjects from the seat was 0.45
(±0.11) g for the low levels of jerk and 0 . 49 (±0.09) g for
the high levels of jerk. The analysis of variance shown
below indicates that there are no significant differences
due to the high and low levels of jerk, the two SlLbject
sizes, or the interaction of subject size with level of
jerk.
Source of
Variation

Degrees
of
Freedom

Sums of
Squares

Mean
Squares

0.017 40
0.059 10
0.004
0.001
0.006
0.089

F

p

0.017 40
0.014 77

1.178 03

NS

0.004 45
0.001 90
0.001 60

2.772 86
1.184 84

NS
NS

Between subjects

Test 2: Seat Tilt
It was anticipated that tilting the entire transit seat back

5° from t he s tandard mounting lJosition would permit subjects to s ustain higher decelerations without dislodgment
than they could with the seat in the standard l'osition.
The 5° tilt was chosen as a compromise between increased retention and comfort. Five large and five
small subjects seated facing forward in the standard
transit seat, normally mounted (i.e., untilted) or tilted
5° back, wei·e decel erated at levels of up to 0.4, 0.5,
0.6, 0.7, and 0.8 g.
The mean deceleration (±1 standard deviation) required to displace the subjects from the seat as measurP.rl
by the open11ig o·f the l eft i·ear switch was 0 . 56 (±0 .08) g
in the normally mounted position and 0 .59 (±0 .08) g iu
the tilted (5°) backward position for the same subjects.
The analysis of variance shown below indicates that this
difference has a probability of less than 0.04 of being
due to random variation rather than to seat tilt.

s

S x Ss
Within subjects

J
J

x

s

J x Ss
Total

1
4
1
1
4
11

45
90
41
26

Observations made during these tests indicated t hat,
in most cases, the higher level of jerk induced a torso
rotation that was followed by sliding of the buttocks on
the seat, and the result of the lower jerk was primarily
sliding, with little rotation of the torso.
DISCUSSION OF RESULTS

The goals of this study were to provide data to help
understand the influences of various parameters on
seated passengers during emergency stops and to obtain
estimates of the emergency decelerations to be specified
for transit systems.
These data indicate that seated passengers can safely
experience deceleration levels about twice those reported
for standees (1, 2). A conservative estimate of the emergency deceleration to be specified in the design of tran-
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sit systems on which 84 percent of the occupants of an
untilted forward-facing standard transit seat will remain
securely within their seats is 0.47 g. To ensure retention of 84 percent of the occupants at a side-facing seat,
the best estimate is 0 .41 g; for the occupants of a facingforward seat tilted back 5°, the best estimate is 0.52 g.
Consequently, these data support the use of forwardfacing, back-tilted seating to permit high decelerations
with a low incidence of passe1Jger dislodgment. (Obviously, backward-facing seating permits higher decelerations; however, many AGT systems operate bidirectionally, and many users prefer facing the direction of
movement.)
The small observed differences in the data obtained
under different rates of change of deceleration are not
attributable to treatment effects, nor are the small differences observed between the two different sizes of
subjects.
The results of this study should be applied cautiously;
no attempt was made to distinguish independently
among the effects, if any, of subject age, sex, and size.
Although no significant effects of jerk were found, further studies of jerk should not be precluded because only
six subjects participated and only a limited, poorly controlled range of jerk levels was possible in this study.
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Passenger Perceptions of the
Helicopter: Ride-Quality
Considerations
Michael B. Schoultz,* IBM Federal Systems Division, Owego,
New York
William J. Snyder, Langley Research Center, National
Aeronautics and Space Administration, Hampton, Virginia
A summary of the i\lational Aeronautics and Space Administration civil
helicopter ride-quality research is presented. Three components of the
ride-quality problem are discussed: passenger preconditioning; in-flight
cabin conditions, such as noise and motion; and flight duration. Passenger anxiety and motivation for flying were studied as potentially important factors influencing perceptions of ride quality. In addition, the relation between these factors and previous flight experience is examined.
The relative importance of cabin noise and vibration is determined for a
range of noise and vibration combinations, and changes in passenger comfort due to ride improvements are evaluated. The importance of flight
duration on ride satisfaction is discussed.

In the highly competitive field of public transportation,
consideration of the needs of the user is essential. Accordingly, to make the helicopter a feasible transportation alternative, one must, among other things, understand how to design the system to be attractive to potential users. It is important to identify the relations
between the attributes of the helicopter and the passenger's evaluation of the effects of these attributes as they
relate to his or her satisfaction. One source of this information is passenger evaluation based on actual experience of these attributes.
One of the more important attributes of a transportation system, and especially of the helicopter, is the ride
environment. The multiharmonic nature of helicopter
vibration presents a special problem in evaluating subjective responses to this environment. Previous studies

of subjective evaluation of this type of environment have
shown that the levels of each of the component rotor
harmonics can be well within acceptable limits and still
combine to produce an unacceptable ride (1). An equally
important part of the helicopter environment is the noise
level. Thus far, there have been few investigations of
the interactive effects of different combinations of noise
and vibration on a passenger's satisfaction with the ride.
Therefore, it is important to extend ride-quality research into these areas and to identify and evaluate passenger responses to the helicopter environment. Also
requiring attention are the modifying effects of other
ride-quality variables, such as flight duration, lowfrequency motion, temperature, and visual cues, as
well as such passenger psychological variables as anxiety, attitude toward flying, and flight experience.
The passenger-acceptance flight-research phase of
the National Aeronautics and Space Administration
(NASA) Civil Helicopter Technology Program is designed
to investigate all of these variables through controlled
experiments that use a large transport helicopter configured to commercial-type specifications. The experiments are designed to simulate real-world conditions as
closely as possible. This paper discusses the objectives
and results of the first phase of the program. An overview of other flight research activities of the program
can be found elsewhere (2).

18
OBJECTIVES

isfied on flights of 10 to 15-min duration; however, no
data are available on longer flights. Therefore, a final
object of this program is to evaluate how the duration of
exposure to the helicopter environment affects ride satisfaction.

The primary objective of the passenger-acceptance
flight tests is to evaluate the ride environment of the
helicopter. Figure 1 illustrates the three components
of the ride-quality problem that were studied: (a) factors
affecting a passenger's preconditioning, (b) cabinenvironrnent conditions, and (c) fli ght duration. Previous
studies (3, 4) have shown that all of these components ue
important in determining a passenger's evaluation of his
or her environment and, therefore, his or her satisfaction with the ride.
The helicopter as an alternative mode of transportation is a relatively new concept to most travelers; few
have actually experienced this kind of travel. Therefore, preconditioning may be an especially important
factor in determining a passenger's satisfaction. Three
preconditioning factors appear particularly important:
attitude toward flying, previous experience with air
travel and with helicopter flight, and anxiety about and
motivation for flying.
A second component of the ride-quality problem is the
cabin environment and how it is perceived by the passenger. Motion, noise, temperature, and visual cues
all contribute to this environment. In this part of the
research, the object is to identify the relative importance of each of these factors and to determine the improvements that could best increase passenger satisfaction.
A previous investigation (5) of the helicopter ride environment showed passengers to be reasonably well sat-

Figure 1. Components of
ride-quality problem.

RIDE
ENVIRONMENT -

TEST VEHICLE
The civil helicopter research aircraft (CHRA) is a reconfir,rured CH-G3A military transport helicopter (Figure
2), modified from its baseline configuration by the addition of higher rated engines and transmissions. Its
other systems are unchanged. Its basic cha1·actedstics
ai·e given below (1 kg = 2.2 lb, 1 km/ h = 0.62 mph,
1 m = 3. 3 ft); a more complete description may be found
elsewhere (6).

DEGREE
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PASSENGER
RIDE
SATISFACTION

PRECONDITIONING
FACTORS

Figure 2. CH-53 civil helicopter research aircraft.

Table 1. Short-haul aircraft seat dimensions.

Value

Characteristic

Gross mass, kg
Cruise speed, km/h
Length, m
Height, m

16 586
278
17.2
5.1

Width (blades
folded), m
Diameter of main
rotor, m

Aircraft

Width
(cm)

Depth
(cm)

Armrest

Leg Room
(cm)

Adjustment

Type of
Cushion

Twin Otter
Nord 262
Beech 99
S-61 Helicopter
CHRA

24
37
44
48
38

46
44
44
46
46

No
Yes
No
Yes
Yes

24
20
20
22 to 27
38

None
None
None
None
Yes

Foam
Foam
Fo am
Foam
Foam

Note: 1 cm= OA in.

Value

4.7
21.9

This aircraft, which is approximately 17 m ( 56 ft) long,
can carry up to 44 passengers in its commercial configuration. At a cruising speed of 77.2 m/s (150 knots),
its range is approximately 400 km ( 250 miles). It represents a vehicle that has the potential to be used in
intraurban as well as short-haul intercity transportation.
The NASA CHRA has been modified to a partial representation of a commer cial aircraft by the installalion
of a 4.1-m (13.3-ft) airline cabin containing four rows of
four abreast seating. The seats are mounted on tracks
with an adjustable seat pitch from 76 to 94 cm (30 to 37
in) in 2.5-cm (1-in) increments. The individual sections
of each double seat are separated by an armrest and have
individually adjustable backrests. The seating characteristics are shown in comparison with those of other
short-haul aircraft in Table 1 (5).
The passenger cabin is separated from the remainder
of the vehicle in the fore and aft directions by bulkheads
that are vibration isolated from the airframe, acoustically treated, and paneled on the passenger side by a
cork covering. A plywood floor furnished with carpet
padding and a high-pile carpet has been installed to
cover the metal floor of the aircraft. The inside of the
fuselage panels is treated with damping tape, and both
the panels and stringers are covered with bagged fiberglass. The ceiling is equipped with two layers of vinyl
separated with foam. The interior trim panels are
mounted on vibration isolators and give the interior the
appearance of a conventional commercial aircraft. [A
more thorough description of the acoustical treatment
of the cabin and its effectiveness in reducing interior
noise levels is given by Howlett and Clevenson (7).]
Because of the prohibitive cost and difficulty of conversion, the cabin is equipped with only four windows,
two on each side of the aircraft, adjacent to the first and
third rows of seats. The windows are approximately 38
by 38 cm (15 by 15 in) in size and of double-pane con-
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19
struction, with the inner pane attached to the acoustical
treatment, lightly tinted, and provided with an opaque
shade. The temperature in the cabin is maintained by
heating and air-conditioning systems, and individually
adjustable air vents for recirculated air are provided for
each passenger.
DESIGN AND PROCEDURE OF
EXPERIMENT
Figure 3 shows the variables studied and the degree of
control of these variables during the flight experiments.
In this phase, eight flights were conducted, each with a
complement of 15 passengers . Two groups of passengers were selected from among both NASA and non-NASA
applicants. Each group represented equivalent mixes
and numbers of four types of passenger, reflecting previous flight experience and attitude toward Hying : (a)
never flown before, (b) like flying and some flight experience, (c) no strong feeling about flying and some
flight exi)erience, and (d) like flying and a frequent ai.r
traveler (defined as at least 6 flights/year on the aver age). None of the subjects had previously flown in a
helicopter. The seating arrangements were controlled
to ensure that each type of passenger was represented
throughout the cabin.
Each group of passengers flew four flights, one at
each of four durations: 25, 50, 75, and 100 min. The
order of flight-duration presentation was different for
each group, and passengers flew only 1 flight/d and
never on consecutive days. The total series of flights
took place within a 15-d period. Because of scheduling
conflicts, some passenger substitution was required; 13
substitutes were used during the eight flights.
Passenger evaluations were taken by questionnaires
during and after each flight. Each flight consisted of a
number of 10-min test segments, as shown below.
Flight Duration
(min)

Test Segments
per Flight

Flight Duration
(min)

Test Segments
per Flight

25
50

2
3

75
100

4
5

The segments were equally spaced over the duration of
the flight. Each was divided into four 1. 5-min evaluation
periods during which a prescribed combination of noise
and vibration was presented.
As Figure 3 illustrates, neither noise nor motion is
precisely controllable. However, certain helicopter airspeeds were found to result in highest and lowest vibration levels in the cabin. Similarly, by opening and closing the rear door to the passenger cabin, the interior
noise level could be varied between a high and a low condition. Typical ranges of these noise and vibration
levels are shown below; more details of the characteristics of this environment are given by Snyder (2) and
Snyder and Schlegel (~).
Factor

High

Low

Motion, 9rms
a, (vertical)
av (lateral)
Noise, dB(A)

0.13 to 0.17
0.08 to 0.11
88 to 92

0.10 to 0.12
0.05 to 0.07
83 to 85

The four combinations of noise and vibration were presented randomly during each test segment. At the end
of each period, the passengers were given 20 s to record
their evaluations of the comfort and the ride by using a
seven-point comfort scale on which one represented very
comfortable and seven represented very uncomfortable
(~ !, 1Q). In addition, they were asked to identify which
factor(s) they found most objectionable (including no fac-

tors objectionable). These evaluations were designed to
identify changes in ride quality as a function of exposure
duration and to study the relative importance of cabin
noise and vibration. Noise, motion, and temperature
data were recorded to correlate the subjective responses
with the environmental conditions.
A passenger's apprehension and motivation were
evaluated by the SPielberger State-Trait Anxiety Inventory (8), a two-part qL1estionnaire designed to meast1re
(a) the usual or typical level of anxiety (trait anxiety) and
(b) the present level of anxiety (state of anxiety). The
trait-anxiety questionnaire was administered to the passengers several weeks before the flights began, and the
state-anxiety questionnaire was administered just before
takeoff, after the helicopter rotor had been engaged.
Finally, the passengers were given a brief postflight
questionnaire in the briefing room at the end of each
flight. On these questionnaires, they were to evaluate
their overall reaction to the flight, indicate which factors
contributed the most to their evaluation, and identify the
system improvements they felt could best be made.
DISCUSSION OF RESULTS
Preconditioning Factors
Many preconditioning factors have the potential to influence a passenger's perception of his or her transportation mode; these include preconceptions based on the
opinions of others, previous experience on the mode,
previous experience on similar systems, and personal
likes and dislikes. Figure 4 illustrates the influence of
a passenger's previous flight experience on his or her
perception of the helicopter ride quality: The more experienced air traveler tends to be more critical and demanding. Almost twice as many of this type of passenger
as compared to passengers with less flight experience
are not satisfied with the helicopter as a means of transportation. Similarly, experienced passengers are less
tolerant of the noise during the flight. There appear to
be two reasons to explain the influence of flight experience on perceptions of ride quality. First, the experienced air traveler has flown more on other air vehicles
and, hence, has an increased tendency to base his or her
evaluation on those flights. Because the vibration and noise
levels of the helicopter are higher than those of the typical jet transport, it can be expected to rate lower on this
comparison. Second, anxiety and motivation for flying
seem to be underlying causes of this tendency. Whereas
a small amount of anxiety increases alertness, an increase in the amount of anxiety eventually leads to a
narrowing of one's focus of attention (9). It also appears that a high level of motivation tends to narrow
one's focus of attention. As shown in Figure 5, the
passengers who are either highly apprehensive or highly
motivated (eager) are more apt to be satisfied with the
ride environment of the helicopter. That is, they are
less apt to notice the noise, vibration, and other negative aspects. The table below indicates that frequent air
travelers tend to be less motivated and apprehensive
about flying; almost twice as large a percentage of frequent air travelers are neither highly motivated nor
highly apprehensive as compared to passengers with less
flight experience.
Anxiety and Motivation Level
(percentage of row total)
Previous Flight
Experience

Highly
Motivated

Highly
Apprehensive

Never flown previously
Some previous flight
experience
Frequent air traveler

33

58

9

36

41

15

44

23
41

Neither

20
Figure 3. Experimental control of variables to be studied.
TRAVELER ACCEPTANCE

Table 2. Rank ordering of physical factors contributing to passenger
comfort.
Previous Flight Experience
Factor
Noise
Ability to see out
of window
Vibration
Seat com fort
General motion
Temperature
Pressure change
Sudden jolts
Seating space

GOOD CONTROL
MODERATE CONTROL
MINIMAL CONTROL
NO CONTROL

11

Never

Flown

Some
Experience

Frequent Air
Traveler

4'
i
3
4
5
6

7
8
9

1'
5'

2
2

2·
6

4

3•
7
9

6
7
8
9
5•

2

3
8'
4
5
6

Significant differences in rankings.

From this, one can hypothesize that as travelers adapt
to travel on the helicopter, their motivation for flying
and their apprehension will decrease, which will increase the tendency to rate the ride and the vehicle less
acceptable.

Figure 4. Importance to ride satisfaction of
(a) previous flight experience and (b) noise.
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Figure 5. Importance to passenger satisfaction of
anxiety and motivation.
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As part of the postflight questionnaire, the passengers
were asked to rate the factors contributing the most to
their comfort evaluation. Nine factors were listed and
space was provided for additions. The mean ranking of
the nine factors is shown in Table 2. The interior noise
level is the factor most significant in the passenger's
dissatisfaction with the ride, and visual cues and vibration levels are also ranked high. The ability to have a
good view is a particularly important asset. Because it
typically operates at lower altitudes than conventional
fixed-wing aircraft, the helicopter presents a view to
which the passenger can more easily relate. However,
the value of cabin windows is somewhat diminished by
the strobe effect caused by light passing through the
main rotor disc. This phenomenon is known as rotor
flicker, and 20 percent of the passengers found it distracting. Several commented that the flicker seemed to
add to the sensation of vibration. This table also shows
the rank order of the factors contributing to the comfort
evaluation for various subgroups of the total sample and
that passengers who had never flown previously ranked
the factors significantly different than did those passengers with previous flight e:xperience. Seat comfort and
temperature are more important to those passengers
who had no previous flight e:xperience, and noise and
vibration are less important. The results given in this
table support the hypothesis that anxiety and motivation
are important factors influencing a passenger's perception of his or her ride quality; the majority (91 percent)
of the passenger group with no previous flight e:xperience
is either highly motivated or highly apprehensive about
flying.
Figure 6 illustrates the relative importance of cabin
noise and motion as contributors to ride discomfort:
69 percent of the passengers find the noise either somewhat annoying or annoying, and 26 percent find the motion to be somewhat annoying or annoying. The impacts
of reductions in noise and vibration levels on passenger
satisfaction are shown in Figure 7. There are two significant factors among the environmental conditions of
the CHRA. First, even at the lowest levels achievable,
noise is considered the most objectionable factor by a
majority of the passengers. Second, while vibration is
also an important factor, priority should be given to reducing the cabin noise to achieve the greatest reduction
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Figure 6. Passenger feelings about noise and motion.

Figure 8. Influence to ride comfort of flight duration.
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in the number of passengers with a comfort rating of
neutral or worse.
The impact of noise and motion on in-flight activities,
such as reading, writing, talking, and sleeping, is indicated in the table below.
Performance Difficulty
(percentage of row total)
Activity
Reading
Writing
Talking
Sleeping

Not
Difficult

Somewhat
Difficult

Very
Difficult

72

21

45

50

7
5

40
40

45
26

15
34

Talking and sleeping are the most affected activities;
60 percent of the passengers find these activities either
somewhat or very difficult.
Finally, because passengers in the second and fourth
rows of seats lack windows, one must consider the influence of a lack of visual cues on passenger ride evaluation. The table below shows the percentages of passengers in each row with neutral or lower comfort; finding
the noise and motion somewhat annoying, annoying, or
very annoying; and having some doubts about another
flight.

HIG~I N
HIGH VIBRATION

LOW VIBRATION

Seat
Row

Neutral
or Lower
Comfort

Finding
Noise
Annoying

Finding
Motion
Annoying

Doubts About
Another FI ight

1

21

2
3
4

6
6

79
78
88
88

58
63
38
68

8
13
9
24

32

Persons in the fourth row are obviously less satisfied
with the ride than are those in other rows. However,
this could be due to either the increased noise in the
rear of the cabin (particularly at the pure-tone frequency
of the helicopter main transmission) or to the lack of
windows or both. Further investigation of the importance of visual cues by comparing the responses of passengers in row two with those in rows one and three
showed no apparent trends. It appears that the presence
of visual cues is more of a positive contribution to passenger satisfaction than is the absence of visual cues a
detriment.
Flight Duration
Another factor that is important in a passenger's ride
satisfaction is the duration of exposure. Before the research flights, it was anticipated that with the noise and
vibration levels shown above, there would be some point
in time at which the previously comfortable environment
would begin to be uncomfortable. Figure 8 shows the
percentage of passengers somewhat comfortable or better
for the low-noise and low-vibration and high-noise and
high-vibration environments as a function of the length
of the test segment. There is a noticeable reduction in
comfort for the fifth test segment in both environments.
This segment was presented approximately 75 to 80 min
after takeoff. The results shown in Figure 9 reinforce
this conclusion. Here, passenger evaluation obtained
after the flight indicates greater dissatisfaction with the
longer flights than with the shorter ones. Clearly, if
this vehicle is to be used for short-haul intercity transportation where flight durations of 1 to 2 hare necessary,
improvements in the interior noise and vibration are
particularly important.
Willingness to Fly Again
It is hypothesized that a passenger's willingness to take
another flight depends on, among other variables, how
comfortable he or she was on the flight just experienced
(10). Therefore, as part of the post.flight evaluation,
passengers were asked to indicate their willingness to
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examined: passenger preconditioning, in-flight cabin
conditions, and flight duration. The results indicate that
passengers who are frequent air travelers are generally
neither highly apprehensive nor highly motivated toward
flying. These passengers, typically business travelers,
are more critical of their flight environment and are
more difficult to satisfy. Noise is the most significant
factor in a passenger's dissatisfaction with his or her
ride environment, a_nd a reduction in noise has the greatest impact in decreasing the percentage of passengers
finding the ride uncomfortable. Flight duration increased
beyond 70 min resulted in a decrease in passenger comfort and overall system acceptance.

Figure 9. Influence of flight duration on willingness
to fly again.
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0
0
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0
5
5
0

22

78

0
0
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0
3
0
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0
0
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